Abstract Although immune pressure exerted by MHC class I-restricted cytotoxic T lymphocytes (CTL) are an important determinant of outcome in pathogenic HIV and SIV infection, lack of data on MHC class I genes has hampered study of its role in natural hosts with nonpathogenic SIV infection. In this study, we cloned and characterized full-length MHC class I genes derived from the cDNA library of two unrelated naturally infected sooty mangabeys (Cercocebus atys) in whom SIV-specific CTL epitopes were previously mapped. Twenty one full-length MHC class I alleles consisting of five MHC-A (Ceat-A), 13 MHC-B (Ceat-B), and three MHC-E (Ceat-E) alleles were identified. Sequence-specific primers (SSP) for high-throughput screening of genomic DNA by PCR were developed for 16 of the 18 Ceat-A and Ceat-B alleles. Screening of 62 SIV-negative and 123 SIV-infected sooty mangabeys at the Yerkes National Primate Research Center (YNPRC) revealed the presence of up to four MHC-A and eight MHC-B alleles in individual mangabeys, indicating that similar to macaque species, mangabeys have at least two duplications of the MHC-A locus and four duplications of the MHC-B locus in the absence of an MHC-C locus. Using stable transfectants of Ceat MHC Class I alleles in the MHC-null 721.221 cell line, we identified Ceat-B*12:01 as the restricting allele of a previously reported Nef 20-28 CTL epitope. Ceat-B*1201/Nef 20-28 tetramers identified tetramerpositive CD8+ T lymphocytes in Ceat-B*1201-positive SIVinfected mangabeys. This study has laid the groundwork for comprehensive analysis of CTL and SIVevolution in a natural host of SIV infection.
Introduction
Simian immunodeficiency virus (SIV) infection in natural African nonhuman primate hosts such as sooty mangabeys (Cercocebus atys) is typically characterized by the presence of persistent viremia without progression to AIDS (Rey-Cuille et al. 1998; Silvestri et al. 2003) . While plasma SIV RNA levels in naturally infected sooty mangabeys remain fairly stable over prolonged periods of time, viremia levels show substantial inter-individual variation and can range from 10 2 to 10 7 copies/ml (Taaffe et al. 2010 ). Yet, the determinants of varying set-point viremia levels in natural hosts and the role of adaptive cellular immune responses play in its long-term maintenance remain poorly understood.
Several studies have consistently shown MHC class I alleles to be the single major factor influencing viral load and disease progression in HIV-infected humans (Pereyra et al. Electronic supplementary material The online version of this article (doi:10.1007/s00251-015-0853-2) contains supplementary material, which is available to authorized users.
2010; Goulder and Walker 2012; Apps et al. 2013) . In HIVinfected humans, HLA-B*27 and HLA-B*57 are associated with viral control and slow disease progression, while certain HLA-B*35 subtypes are associated with accelerated progression to AIDS (Gao et al. 2005) . The presence of Mamu-A*01, Mamu-B*17, and Mamu-B*08 alleles have been shown to protect against high viral loads in SIV-infected rhesus macaques (Muhl et al. 2002; Mothe et al. 2003; Yant et al. 2006; Loffredo et al. 2007 ). Genome-wide association studies have shown HLA class I genes, particularly polymorphisms in amino acid residues in the peptide-binding groove as a major determinant of HIV-1 control at the population level, reinforcing the importance of virus-specific CD8+ T lymphocytes (Pereyra et al. 2010) .
Several lines of evidence point to similarities in the cellular immune response between rhesus macaques and sooty mangabeys. MHC class I-restricted CTL targeting structural and accessory SIV proteins are an integral part of the host response during acute and chronic SIV infection in sooty mangabeys and are comparable in magnitude to rhesus macaques (Kaur et al. 1998; Kaur et al. 2000; Wang et al. 2006; Meythaler et al. 2009; Meythaler et al. 2011) . Following experimental SIV infection, similarities in the kinetics of control of primary viremia including the temporal association between the onset of the SIV-specific T lymphocyte response and decline in peak plasma viremia suggest that natural hosts are similar to nonnatural hosts with regards to cellular immunity playing a causal role in reduction of postpeak viremia to steady-state set-point levels (Kaur et al. 1998; Meythaler et al. 2011 ). However, with the exception of single reports on identification of SIV-specific CTL epitopes and an instance of CTL escape associated with increased viremia in sooty mangabeys (Kaur et al. 2000; Kaur et al. 2001) , there are no data on the influence of immune selective pressure by CTL on SIV evolution in its natural host. Until recently, there were no published studies on MHC genetics in natural hosts of SIV infection (Cao et al. 2014; Smith et al. 2015) .
The similarities in the CD8+ T lymphocyte response to SIV between rhesus macaques and sooty mangabeys (Wang et al. 2006; Meythaler et al. 2011 ) raise the possibility that MHC class I genes and SIV-specific CTL also influence viral load and SIV evolution in natural hosts. To enable comprehensive studies on the role of immune selective pressure on viral diversity and control of SIV viremia in sooty mangabeys, we have cloned and characterized full-length MHC class I genes in sooty mangabeys. Twenty one fulllength MHC class I alleles were identified; five MHC-A locus, 13 MHC-B locus, and three MHC-E locus alleles. PCR-SSP for high-throughput screening of 16 of the 18 identified Ceat-A and Ceat-B alleles was developed and used to screen genomic DNA of 185 mangabeys at the Yerkes National Primate Research Center. The MHC class I restriction of a SIV Nef epitope previously shown to have undergone CTL escape in a SIVmac239-infected sooty mangabey (Kaur et al. 2001 ) was identified and tetramer synthesized.
Materials and methods

Animals and cell lines
Full-length MHC class I molecules were cloned and sequenced from the cDNA library of two naturally SIVinfected sooty mangabeys. The exon 2 and exon 3 sequence of MHC class I alleles was cloned and sequenced by colony PCR in six other SIV-infected sooty mangabeys. Sooty mangabeys were housed at the Yerkes National Primate Research Center (YNPRC), Atlanta, Georgia, under federal and institutional guidelines of animal care (Anonymous 1996) . Blood collected in heparin tubes was shipped to the New England Primate Research Center (NEPRC), and Blymphoblastoid cell lines (BLCL) were established by transformation with herpesvirus papio as previously described (Kaur et al. 2000) .
Cloning of full-length sooty mangabey MHC class I molecules from cDNA library Custom cDNA libraries were synthesized commercially from two sooty mangabeys (Invitrogen™ Life Technologies, Carlsbad, CA, USA). Two milligram or more of total RNA was extracted from ≥3×10 8 BLCL using the RNeasy®Maxi kit (QIAGEN Inc., Valencia, CA, USA) and passed through an oligo dT cellulose matrix to obtain mRNA. mRNA was converted to cDNA using the reverse transcriptase SuperScriptII and directionally cloned into the pCMV-SPORT 6.1 vector at NotI and EcoRV sites (Invitrogen™ Life Technologies). Competent DH10B-TonA cells were used for bacterial transformation, and >6 × 10 7 primary cDNA clones with insert size of >1000 bp were obtained from each animal. A minimum of 1×10 6 clones from each cDNA library were screened for MHC class I cDNAs using the Gene Trapper® cDNA Positive Selection System (Invitrogen™ Life Technologies). The oligonucleotide A3 MID LIB corresponding to a highly conserved region in exon 4 of primate MHC class I genes (Boyson et al. 1996) was modified based on available sequence data on sooty mangabey MHC class I genes (Da Zhang and Paul Johnson; unpublished data) and used as a probe for hybridization (Supplementary Table 1) . Briefly, double-stranded cDNA (dsDNA) was digested with Gene II and Exonucleases III (Gene Trapper cDNA Positive Selection System, Invitrogen) to obtain single-strand cDNA (ssDNA). The MHC class Ispecific oligonucleotide probe was biotinylated and used for hybridization of ssDNA. Paramagnetic streptavidin beads were added to capture biotinylated probe-bound ssDNA. Captured ssDNA was recovered by magnetic isolation, washed, eluted from the paramagnetic beads, repaired to dsDNA, and used for transformation of UltraMax DH5α-FT cells. The PCR primer pairs modified NA1 START/ modified A2 END HIII and T7 promoter/A3 MID SM (Supplementary Table 1 ) were used to screen more than 100 colonies per animal for the presence of MHC class I cDNA. PCR-positive colonies were sequenced with the M13/pUC reverse primer for confirmation of MHC class I exon 2 and exon 3 sequences (Supplementary Table 1 ). Subsequent fulllength sequencing of both strands of representative colonies was accomplished with four sense and three antisense primers (Supplementary Table 1 ). Each sequencing reaction was performed in triplicate. Sequencing was performed using a CEQ™ 8000 Genetic Analysis System (Beckman Coulter, Inc., Fullerton, CA, USA). With the exception of Ceat-B*0501, the consensus full-length sequence for each allele was derived from at least two full-length forward and one reverse strand sequence of cDNA library clones ( Table 1) . Table 1 ) using High Fidelity PCR Master (Roche Molecular Systems, Inc., Alameda, CA, USA). The PCR reaction conditions were as follows: heating at 94°C for 2 min, amplification for 30 cycles with denaturation for 10 s at 94°C, annealing for 30 s at 55°C, and elongation for 1 min at 72°C, followed by a final elongation step for 10 min at 72°C at the end of the 
Designation of sooty mangabey MHC class I alleles
The nomenclature of sooty mangabey MHC class I alleles follows the recommendation for primate MHC (Klein et al. 1990 ). The four-letter abbreviation BCeat^of the scientific name of sooty mangabeys was derived from the first two letters of its genus and the first two letters of its species name, Cercocebus atys, followed by a hyphen, the locus symbol in capital letters, an asterisk, and a four digit allele number. Alleles were numbered in the order of discovery. Sequences were submitted to IPD for official naming and deposited in GenBank (KP176446-KP176448, KP176452-KP176453, KP176480-KP176482, KP176498-KP176501, KP176503-KP176505, KP176507, KP176510, KP176512, KR004170-KR004172).
Phylogenetic analysis of Ceat class I alleles
Consensus sequences were aligned using the ClustalW profile alignment option of MacVector 8.0 software (Accelrys, Burlington, MA, USA) with minor manual adjustment when necessary. Phylogenetic trees were constructed from the nucleotide sequence alignment by the neighbor-joining method, using the HKY85 model of nucleotide substitution implemented in PAUP*. The reliability of the branching order was assessed by performing 1000 bootstrap replicates, again using neighbor joining and the HKY85 model (Hasegawa et al. 1985) . Phylogenetic trees were also performed by the maximum likelihood method, using PAUP* with model inferred from the alignment by using model test (Posada and Crandall 2001) .
MHC typing of Ceat class I alleles by polymerase chain reaction-sequence-specific primers (PCR-SSP)
Ceat class I allele-specific primers were designed to amplify allele-specific DNA fragments. Genomic DNA was extracted from 5.0×10 6 BLCL or PBMC using the QIAamp® DNA Mini Kit (Qiagen, Chatsworth, CA, USA). The reaction mixture of 25 μl contained 1× PCR buffer of the optimal buffer from the Invitrogen PCR Optimizer kit, 2 mM MgCl 2 , 2.5 mM of each of the four dNTPs (Promega Corporation, Madison WI), 75 ng of genomic DNA, 1.0 μM of each allele-specific 5′ and 3′ primer, 1.2 μM internal control primers representing nonallelic monkey γ-globin gene giving a 400-bp product (Lobashevsky et al. 1999) , and 1 U of Platinum Taq DNA polymerase (Invitrogen™ Life Technologies). Amplification cycling conditions consisted of initial denaturation at 96°C for 1 min, 4 cycles of 25 s at 96°C, 50 s at 70°C, and 45 s at 72°C; 20 cycles of 25 s at 96°C, 50 s at optimal annealing temperature for individual allelespecific primers, and 45 s at 72°C; completion with another 3 cycles of 25 s at 96°C, 60 s at 55°C, and 120 s at 72°C, and a final extension step for 8 min at 72°C. Identification of positive allele-specific products was performed by electrophoresis of the PCR products on 2.0 % agarose gels. Amplification of the monkey γ-globin gene (Lobashevsky et al. 1999 ) served as a positive internal control for the quality of the genomic DNA and PCR reaction. The specificity of allele-specific positive bands was confirmed by sequencing. Positive bands were cut from the gel, purified using QIAquick® Gel Extraction Kit (Qiagen Sciences, MD), and directly sequenced by allele-specific primers from both strands.
Generation of stable MHC class I transfectant cell lines in 721.221 cells
Representative consensus full-length cDNAs of Ceat class I alleles were subcloned into the pEFIRES-P expression vector (Hobbs et al. 1998 ) (a gift from Jae Jung, Harvard Medical School, Southborough, MA, USA). The recombinant plasmid DNA was electroporated into the MHC-null 721.221 cell line, a cloned EBV-transformed BLCL with homozygous deletions of the MHC class I loci (Shimizu and DeMars 1989) . A total of 5×10 6 721.221 cells and 5 μg plasmid DNA were placed in 0.4-cm electrode gap electroporation cuvettes (Bio-Rad Laboratories, Hercules, CA, USA), and electroporation was carried out at 250 V and 960 F with a Gene Pulser II (Bio-Rad). The cells were then transferred to a T25 flask with 10 ml RPMI 1640 medium (Gibco) supplemented with 20 % FBS, 10 mM HEPES (Gibco), 2 mM L-glutamine (Gibco), 50 IU/ ml of penicillin (Gibco), and 50 μg/ml streptomycin (Gibco). Three days after electroporation, the cells were placed under a 0.2 μg/ml puromycin selection. The dose of puromycin was increased incrementally over a 3-4-week period to a final concentration of 1.2 μg/ml. Viable transfectants were tested for MHC class I surface expression by flow cytometry using the anti-MHC class I mAb clone W6/32.
Identification of Ceat class I restricting alleles for SIV-specific CTL epitopes
Cryopreserved sooty mangabey SIV-specific CTL clones of previously defined epitope specificities (Kaur et al. 2000 and Kaur, unpublished data) were thawed in the presence of irradiated human feeder PBMC, ConA 5 μg/ml, and IL-2 50 IU/ ml. CTL clones were tested for activity against 51 chromiumlabeled autologous BLCL pulsed with cognate peptide as previously described (Kaur et al. 2000) . Active CTL clones were subsequently tested for reactivity against a panel of peptidepulsed and unpulsed 721.221 stable transfectant lines expressing individual Ceat class I alleles.
Synthesis of tetramers
Upon determination of the restricting Ceat class I allele for SIV-specific CTL epitopes in sooty mangabeys, the fulllength cDNA of the restricting allele and the optimal peptide were sent to the NIH Tetramer Core Facility, Emory University for tetramer synthesis.
Results
Identification of A-locus, B-locus, and E-locus MHC class I alleles in sooty mangabeys
Prior to the wide usage of next generation sequencing, two primary approaches have been used to characterize MHC class I genes in nonhuman primates. Screening of cDNA libraries for MHC class I genes and/or PCR amplification of cDNA with MHC-specific primers (Mayer et al. 1988; Klein et al. 1990; Lawlor et al. 1991; Boyson et al. 1996; Sidebottom et al. 2001; Lafont et al. 2003; Krebs et al. 2005) . Since there was no database on MHC class I sequences in sooty mangabeys, we initially used the cDNA library approach to clone full-length MHC class I genes from two mangabeys. The use of a probe that hybridized to a region conserved across the MHC class I genes of different primate species ensured uniform identification of MHC class I genes across all loci without the inherent bias of PCR amplification with locus-specific primers. Additionally, colony PCR with MHC class I-specific primers was performed on the cDNA of six naturally SIV-infected sooty mangabeys.
Two unrelated naturally SIV-infected sooty mangabeys (FDh and FNg) in whom SIV-specific CTL epitopes were previously mapped (Kaur et al. 2000) were selected for cDNA library synthesis. Mapped CTL epitopes from each animal were not recognized when presented on allogeneic target cells derived from the other animal suggesting that the two mangabeys shared few or no MHC class I alleles (Kaur et al. 2000) . This was confirmed by isoelectric-focusing gel electrophoresis of immunoprecipitates of cell lysates with the W6/32 antibody not showing clearly shared bands between the two animals (Kaur et al. 2000) . Following hybridization of the cDNA libraries with the MHC class I-specific probe Modified A3 MIDLIB (Supplementary Table 1) , 134 cDNA colonies in mangabey FDh and 110 cDNA colonies in mangabey FNg were subjected to further PCR amplification and sequencing with MHC class I-specific primers. One hundred of 134 cDNA colonies in mangabey FDh and 81 of 110 cDNA colonies in mangabey FNg were confirmed to be MHC class I positive. Analysis of the exon 2 and exon 3 sequence of MHC class I-positive colonies obtained from the two cDNA libraries and six colony PCR reactions revealed 21 groups with two or more identical clones, each of which was designated as a putative sooty mangabey (Ceat) MHC class I allele (Table 1) . With the exception of Ceat-B*0501, full-length sequencing of at least two (and in most instances three) cDNA library clones in each group resulted in the identification of five A-locus, 12 B-locus, and three E-locus alleles ( Fig. 1 and Table 1) .
One A-locus, seven B-loci, and two E-loci Ceat class I alleles were present in mangabey FDh, while four A-loci, six B-loci, and two E-loci alleles were identified in mangabey FNg (Tables 1 and 2 ). With the exception of Ceat-E*0101, mangabeys FDh and FNg did not share any of the identified Ceat class I alleles ( Table 2) . Screening of six additional sooty mangabeys by a combination of colony PCR and PCR-SSP revealed a minimum estimate of one to three Ceat-A alleles and three to eight Ceat-B alleles per mangabey (Table 2) . Thus, similar to Asian Old World nonhuman primates, the sooty mangabey MHC class I gene shows evidence of at least one duplication of the MHC-A locus and four duplications of the MHC-B locus.
Phylogenetic analysis of the sooty mangabey MHC class I alleles
Similar to Asian macaques, phylogenetic analysis of the MHC class I locus-specific region exon 4-8 nucleotides did not reveal any C-locus allele in sooty mangabeys (Fig. 2) . All five Ceat-A alleles clustered together with other primate MHC-A loci, while the 13 Ceat-B alleles clustered together with their primate MHC-B locus counterparts. The polymorphic α1 and α2 domains of the MHC class I protein encoded by exon 2 and exon 3 form the peptide-binding pocket of the MHC class I molecule. We compared sooty mangabey MHC class I exon 2-3 nucleotide sequences with sequences of representative MHC-A and MHC-B alleles of primate species belonging to the Papionini tribe (Fig. 3) . These included available sequences of representative alleles of each lineage group for the three macaque species, Macaca mulatta (Mamu), Macaca fascicularis (Mafa), and Macaca nemestrina (Mane), along with the baboon species Papio cynocephalus (Pacy) and Papio anubis (Paan). The phylogenetic tree was rooted using hominidae sequences (data not shown). Ceat MHC class I alleles clustered with MHC class I alleles from the Papionini but not Hominidae tribe (Fig. 3 and data not shown) . The Ceat-A locus and B-locus alleles were interspersed throughout the Papionini MHC class I alleles and, with a few exceptions, did not group with a particular primate species (Fig. 3a-b) . The intra-and inter-locus genetic distance between Ceat-A and Ceat-B alleles was analyzed by examining amino acid polymorphisms in the exon 1-8 sequence (Table 3) . Ceat-B alleles displayed an average intra-locus genetic distance of 13 % compared to an average genetic distance of 9 % in Ceat-A alleles, suggesting that the Ceat-B alleles were more genetically diverse compared to the Ceat-A alleles. However, the inter-allelic genetic diversity was variable among Ceat-B alleles. Ceat-B*0401 and Ceat-B*0402 showed a genetic distance of only 2 % from each other and hence were assigned to the same lineage group (Table 3) . Ceat-B alleles with a genetic distance of <9 % from each other included the cluster of Ceat-B*03, Ceat-B*0601, Ceat-B*0701, Ceat-B*1001 (genetic distance 6-7 %), Ceat-B*0801 and Ceat-B*1201 (genetic distance 6 %), and Ceat-B*0801 and Ceat-B*0901 (genetic distance 9 %).
Phylogenetic analysis of the exons 2-3 of Ceat-A and Ceat-B alleles revealed genetic similarity between Ceat-A1*0101 and Mamu-A6*0101 (Fig. 3a) and between Ceat-B*1001 and Pacy-B*03 and Paan-B*02 (Fig. 3b) . The sequence similarity
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Transmembrane and cytoplasmic domain of mangabey MHC class I alleles
Similar to other primate MHC class I genes, the cytoplasmic domain of the Ceat-A locus and Ceat-E locus alleles was three to four amino acids longer than that of Ceat-B locus alleles (Fig. 1) . The exception was Ceat-E*0201 which showed an 11 amino acid deletion in its cytoplasmic tail (Fig. 1) . The transmembrane domain of Ceat-B*1101 was unusual in that there was a three amino acid insertion of alanine, valine, and valine (AVV) which appeared to be due to a tandem duplication (Fig. 1) . A 9-bp duplication in the transmembrane domain of MHC class I genes has been reported in chimpanzee B-locus alleles and rodent MHC class I genes (Mayer et al. 1988; Crew et al. 1991) . It is noteworthy that the duplication (AVV) in the chimpanzee allele is similar to that observed in Ceat-B*1101. The functional significance of a longer transmembrane domain of MHC class I genes is not known but may impact cell surface expression. The interaction between the Nef protein of HIV and SIV and the cytoplasmic tail of MHC class I genes is central to the Nef-mediated downregulation of selective MHC class I alleles. As shown in Fig. 1 and a previous report, the cytoplasmic tail of several Ceat-B alleles shows sequence similarity to rhesus macaque B-locus alleles and can differentially interact with SIV Nef (DeGottardi et al. 2008 ).
High-throughput screening for sooty mangabey MHC class I alleles using PCR-SSP Four A-locus and 12 B-locus Ceat allele-specific primers were designed to amplify allele-specific DNA fragments. PCR primers were designed in regions of single-nucleotide polymorphisms unique to each allele in order to rapidly screen genomic DNA by PCR-SSP for the absence or presence of specific Ceat alleles. With the exception of Ceat-Aw1*0101, sequence-specific primer pairs were successfully designed for all the identified Ceat-A and Ceat-B alleles (Supplementary  Table 2 and Fig. 4a-b) . The allele-specific PCR products obtained from amplification of genomic DNA ranged from 186 to 794 bp in size (Supplementary Table 2 ). The specificity of the PCR reaction was confirmed by sequencing the PCR amplification product from at least three positive animals per allele (data not shown).
PCR-SSP screening of genomic DNA from 62 SIVnegative and 123 SIV-infected sooty mangabeys housed at YNPRC showed a frequency ranging from 3.3 to 83.9 % for individual Ceat alleles with the Ceat-B*1101 allele being detected in more than two-thirds of the mangabeys (Fig. 4b) . With the exception of Ceat-A1*0301, Ceat-Aw2*0101, Ceat-B*0201, and Ceat-B*0401, there was no difference in the representation of the Ceat class I alleles between SIVnegative and SIV-infected sooty mangabeys.
Identification of the Ceat Class I-restricting allele for a Nef-specific and a Gag-specific CTL epitope in sooty mangabeys
In order to determine the MHC class I restriction of defined CTL epitopes, stable transfectants of each Ceat class I allele were established in the MHC class I null 721.221 cell line (Supplementary Figure 1) , and CTL clones were tested against a panel of peptide-pulsed and unpulsed transfected 721.221 cell lines in a chromium release assay.
The Nef 20-28 LY9 epitope LRARGETY previously reported in naturally SIV-infected and SIVmac239-infected sooty mangabeys (Kaur et al. 2000; Kaur et al. 2001 ) was found to be presented by the Ceat-B*1201 MHC class I molecule (Fig. 5a) . Thus, CTL clones specific for the LY9 epitope were able to lyse LY9 peptide-pulsed Ceat-B*1201 transfectants to the same extent as peptide-pulsed autologous target cells and allogeneic target cells from Ceat-B*1201-positive sooty mangabeys (Fig. 5a ). Unpulsed Ceat-B*1201 transfectants and LY9 peptide-pulsed 721.221 cells transfected with other Ceat alleles were not recognized (Fig. 5a) .
MHC class I tetramers were synthesized for the Ceat-B*1201-restricted Nef epitope. The Ceat-B*12/Nef 20-28 LY9 tetramers stained the Nef LY9-specific CTL clones as well as CD3+ CD8+ T lymphocytes in the peripheral blood of Ceat-B*1201-positive SIV-infected sooty mangabeys (Fig. 5b) . The frequency of peripheral blood Ceat-B*1201/Nef 20-28 LY9 tetramer-positive CD8+ T lymphocytes ranged from 0.005 to 0.25 % (mean 0.08 %) in 25 Ceat-B*1201-positive naturally SIV-infected sooty mangabeys and from 0.08 to 0.43 % (mean 0.19 %) in six Ceat-B*1201-positive experimentally SIV-infected sooty mangabeys (Fig. 5c) . Fig. 3 Phylogenetic tree of nucleotide sequences of exons 2-3 of Alocus and B-locus alleles from the sooty mangabeys and other primate species belonging to the Papionini tribe. Trees were generated by neighbor-joining method and were rooted using a hominidae sequence (not shown). Due to the large number of sequences, the tree was split into two halves, one for each A (3A) or B (3B) loci. Sooty mangabey alleles (Ceat) are shown in bold (red). Rhesus macaque (Macaca mulatta, Mamu) 
Discussion
This is one of the first characterization of full-length MHC class I alleles in an African Old World nonhuman primate species that is a natural host of SIV infection and the first to identify MHC restriction of a SIV-specific CTL epitope in a sooty mangabey. We show that MHC class I genes in sooty mangabeys are similar to other Old World primate species and differ from humans and Great Apes in having orthologues of MHC-A and MHC-B locus genes but not MHC-C locus genes. Instead, one or more duplications of the A and B loci are present. Analysis of cDNA library from two sooty mangabeys and colony PCR on cDNA from an additional six sooty mangabeys revealed one to four A-locus alleles and three to eight B-locus alleles in individual animals (Table 2) . Although the full-length characterization of MHC class I alleles was obtained from only two sooty mangabeys, screening for 16 of the identified Ceat-A and Ceat-B alleles could be extended to 185 sooty mangabeys housed at the YNPRC by PCR-SSP of genomic DNA. Subsequently, a comprehensive analysis of MHC transcripts in 165 sooty mangabeys by deep sequencing has been performed and extended the findings of the current study to identification of 26 Ceat-A and 82 Ceat-B alleles in sooty mangabeys (Heimbruch et al. 2015) .
The similarity between sooty mangabeys and Old World Asian macaques with regard to duplications of MHC-A and MHC-B loci is noteworthy. African and Asian Old World monkeys diverged about 15 million years back and have been subject to different milieus and different pathogens. Unlike chimpanzees which show a repertoire reduction in MHC class I A-, B-, and C-locus alleles as compared to humans (de Groot et al. 2002) , this does not appear to be the case in sooty mangabeys when compared to Asian macaques. One interpretation of this observation is that SIV infection in African Old World primates has not affected MHC evolution in its natural host to the extent postulated for SIVcpz in chimpanzees. Characterization of MHC class I genes in other natural hosts of SIV such as the African green monkeys will provide additional insight.
The locus variability showed a similar pattern to that observed for human and macaque MHC class I genes. The diversity of Ceat-A locus and Ceat-B locus alleles was greater for inter-locus alleles as compared to intra-locus alleles (Table 3 ). The amino acid composition of the full-length Ceat-A locus alleles showed an average variation of 9 % from each other. In contrast, Ceat-A alleles differed by an average of 19 % from the Ceat-B locus alleles. The Ceat-B locus alleles showed greater intra-locus variation (average 13 %) compared to the Ceat-A locus alleles. However, a wide range of intra-locus variation was observed among Ceat-B alleles. Two clusters of Ceat-B alleles, namely, Ceat-B*1001, Ceat-B*03, Ceat-B*0601, and Ceat-B*0701 and Ceat-B*0801 and Ceat-B*1201, showed <8 % amino acid diversity within their respective clusters but differed from other B-locus alleles to an extent that was close to the magnitude of inter-locus diversity. Additionally, Ceat-B*0401 and Ceat-B*0402 showed only 2.2 % inter-allelic genetic diversity (Table 3 ) and hence were assigned to the same lineage. These data are similar to human MHC class I genes where HLA-B shows a much greater diversity compared to HLA-A locus alleles, both in the number of alleles and the inter-allelic polymorphism.
We have previously identified SIV-specific CTL epitopes in naturally and experimentally infected sooty mangabeys and shown the presence of CTL escape in an experimentally infected sooty mangabey (Kaur et al. 2000; Kaur et al. 2001) . In order to determine the MHC class I restriction of immunodominant SIV-specific CTL epitopes, we generated stable transfectants of 17 Ceat-A and Ceat-B alleles in the MHC null 721.221 cell lines and were able to identify Ceat-B*1201 as the restricting MHC class I allele of the Nef 20-28 LY9 CTL epitope. We previously showed that this epitope accounted for the entire Nef-specific CTL response in two Ceat-B*1201-positive, SIVmac239-infected sooty mangabeys (Kaur et al. 2000) . Although the Ceat-B*1201 allele was present in roughly a third of the sooty mangabeys at YNPRC, CD8+ T lymphocytes targeting the Nef LY9 epitope were detected in all the Ceat-B*1201-positive SIV-infected sooty mangabeys suggesting that it is immunodominant.
It is noteworthy that the cytoplasmic tail of Ceat-B*1201 is identical to Mamu-B*29 and was previously shown to be resistant to SIV Nef-mediated downregulation of MHC class I (DeGottardi et al. 2008) . This raises the question of whether or not Ceat-B*1201-restricted CTL might be resistant to immune evasion via Nef-mediated MHC class I downregulation. Even though we detected CTL escape of the Ceat-B*12-restricted Nef epitope in an SIVmac239-infected mangabey (Kaur et al. 2001) , we were readily able to detect circulating Ceat-B*12/ DNA by PCR-SSP using primer pairs specific for Ceat-A1*0201, Ceat-A1*0301, and Ceat-B*1201 alleles. PCR primers for the rhesus γ-globin gene which amplify a 400-bp product were used as internal controls for genomic DNA quality. b Ceat allele frequency by PCR-SSP in 62 SIVnegative and 123 SIV-infected sooty mangabeys housed at YNPRC Nef 20-28 -specific CD8+ T lymphocytes by tetramers in naturally infected Ceat-B*1201-positive sooty mangabeys. Further studies will be required to determine CTL escape of this epitope in natural SIV infection and its effect if any on viral load.
In conclusion, the characterization of MHC class I alleles along with the development of tools for high-throughput MHC screening and identification of MHC restriction of CTL epitopes will enable future comprehensive studies on the effect of MHC on SIV infection in a valuable natural host model of SIV infection. 
